We consider, in a model-independent framework, the potential for observing dark matter in neutrino detectors through the interactionf p → e + n, where f is a dark fermion. Operators of dimension six or less are considered, and constraints are placed on their coefficients using the dark matter lifetime and its decays to states which include γ rays or e + e − pairs. After these constraints are applied, there remains one operator which can possibly contribute tof p → e + n in neutrino detectors at an observable level. We then consider the results from the Super-Kamiokande relic supernova neutrino search and find that Super-K can probe the new physics scale of this interaction up to O(100 TeV).
Introduction
So far, many details about the nature of dark matter (DM) have eluded observational confirmation. We do not yet know the number of DM species, their masses, or how they interact with each other or with Standard Model (SM) particles. Additionally, there has been much recent interest in models with "hidden" sectors [2, 3, 4, 5] , where there exist light particles beyond the Standard Model (BSM) which have not yet been discovered because they are coupled to the SM only through interactions at some very high energy scale. We can apply this idea to DM and consider the possibility that some or all of DM could be light (i.e. below the weak scale). Thus, it makes sense to consider any easily observable possible interaction between light DM and SM particles and, if possible, in a model-independent way. Here, we investigate a particular interaction which could be relevant for DM direct detection. This work is based largely on [1] .
In the usual DM direct-detection scenario, a relatively heavy O(10 GeV − 10 TeV) DM particle scatters elastically off of an SM particle, such as a nucleus. If we take, as an example, a 100 GeV DM particle scattering off of a 100 GeV nucleus, the momentum deposited in the detector is on the order of the initial momentum of the DM particle, O(100 MeV).
Instead, here we consider an interaction of the form
where f is a DM particle, N and N ′ are SM particles (here, nucleons), and f ′ is some other particle which could be either contained within the SM or from BSM physics. We consider the case where the f ′ mass is much less than that of f , m f >> m f ′ . In this case, the momenta of the final-state products will be of order m f ; thus, it seems plausible that existing experiments might be able to detect light DM if it scatters very inelastically.
Although one may consider the cases where f ′ is invisible (i.e., a neutrino or a BSM particle), we take f ′ to be a visible SM particle, an electron. This interaction then looks much like an SM charged-current neutrino interaction; it is thus conceivable that neutrino experiments which can detect neutrinos of a given energy E ν could be used to search for the f particle, if m f ∼ E ν . Although we initially only assume m f to be below the weak scale, when we insist that f be appropriately long-lived, we find that the least constrained mass range is m f < ∼ O(100 MeV), which can be probed by solar and reactor neutrino experiments.
For this analysis, we specifically examine the relevance of the Super-Kamiokande relic supernova neutrino search [6] to DM detection. As we wish to be model-independent, we study the processf p → e + n via an effective operator analysis. We impose limits on these operators by insisting that the DM particle f be long-lived and rarely decay to easily-observable final states containing γ rays or e + e − . Finally, we discuss the cross-section forf p → e + n in Super-K. Super-K places a limit on the flux ofν e 's via the processν e p → e + n; we then use this result to place constraints on the processf p → e + n and find that the new physics reach of Super-K to probe this process is O(100 TeV).
The rest of this paper is organized as follows. In Section 2, we give the criteria which our operators must satisfy and list our operator basis. The DM lifetime and decays are used to place limits on these operators in Section 3. Finding one operator which is not so tightly constrained, we give the experimental signatures and cross-section forf p → e + n via this operator, and then put constraints on it using results from Super-K in Section 4. We briefly discuss our results in Section 5, and, in Section 6, we conclude.
Operator Basis
In this section, we enumerate the operators which we use for this analysis. Here, f is taken to be a fermion and a singlet under the SM gauge group SU (3) × SU (2) × U (1). We consider all operators of dimension six or less which are invariant under the SM gauge group and contribute tof p → e + n. Redundant operators are then eliminated using integration by parts and the equations of motion for the fields. Operators which contribute at tree level to neutrino mass would be very strongly constrained and are thus not included in the analysis. We are thus left with six operators
where L and Q are the left-handed lepton and quark SU (2) doublets of the SM, ℓ R , u R , and d R are the right-handed singlets, φ is the SM Higgs field, and φ = iτ 2 φ * . All of these operators are dimension-six and thus suppressed by Λ 2 , where Λ is taken to be some new physics scale above the weak scale. Each of the operators O I will also be accompanied by a coefficient C I . We note that, in all of the operators O I , f is right-handed.
Limits from Dark Matter Lifetime
In order for the f particle to be DM, it must satisfy at least a few basic constraints. First of all, for DM to currently make up a significant fraction of the energy-density of the universe, it must decay to SM particles on a timescale at least on the order of the age of the universe, 4 × 10 17 s. Also, in order for DM to be sufficiently "dark", it must annihilate or decay to states containing easily-visible SM particles sufficiently slowly to have not yet been observed. As our operators can contribute to decays of the f , we apply these decay constraints, considering each of our operators in turn.
O W
The operator O W gives the decay f → νγ at tree level. The width for this process is
where v is the SM Higgs vacuum expectation value (vev) and α is the SM fine-structure constant. The authors of [7] find that DM which decays to two daughters, one of which is a photon, must have a lifetime > ∼ 10 26 s for DM masses between ∼ 1 MeV and ∼ 100 GeV. Taking m f = 1 MeV (approximately the minimum value of m f which could be observable at neutrino experiments), we obtain
This lower bound on the new physics scale is obviously far beyond what will be accessible at neutrino or collider experiments in the foreseeable future. We note that this limit will be even stronger for larger values of m f .
OṼ
After electroweak symmetry breaking, φ acquires a vev and OṼ gives a vertex
which allows the decay f → e − e + ν at tree level. This process has a width of
[8] find that the lifetime for DM decaying to a final state that includes an e + e − pair must satisfy
in order to not overproduce the 511 keV line observed by INTEGRAL [9, 10] . From this constraint, we obtain the limits
where the values of m f correspond to the values which we will eventually see are relevant for Super-K. Again, we see that the constraints on the new physics scale for this operator are extremely strong, and, like the case for O W , this limit becomes stronger for larger values of m f .
We will now use the very strong constraints which we have obtained on O W and OṼ to place constraints on our other operators via operator mixing.
O V R
We now turn our attention to the operator O V R . If m f > m π + m e , O V R can give the tree-level decay f → π + e − . As we require f to be very long-lived, this case is very strongly constrained. Therefore, we only consider the mass range m f < ∼ m π . However, O V R can still induce a decay of the f through the channel f → e + e − ν via mixing into OṼ . This mixing first occurs at one-loop level and is shown in Fig. 1 . It must be noted that all of the fields in O V R are right-handed. However, the SM weak vertex in this diagram is entirely left-handed. This implies that both the u and d quarks in the loop must flip chirality, and, thus, this diagram is suppressed by both the u and d quark Yukawa couplings. This diagram is logarithmically divergent; we obtain, for the mixing
which then results in the limits on the new physics scale
However, this one-loop calculation does not accuf ℓ W u d rately capture the contributions of loop momenta which are less than a few hundred MeV. To estimate the effects of these low momenta, we also calculate the decay width for f → e + e − ν where the decay goes through a virtual π + . This diagram receives suppression from both the electron and f masses similar to the lepton mass dependence in the usual SM π + decay, as can be seen in the spin-averaged squared amplitude 1 2
(q 2 − m 2 π ) 2 (11) which gives the differential decay width
Integrating this expression over q 2 , we obtain the limits
As these limits are weaker than those obtained from the one-loop diagram, we take the one-loop results as our limits on the new physics scale for O V R .
As the limits in Eq. (10) are substantially weaker than those which we have obtained for operators O W and OṼ , we also consider other possible constraints on O V R . First, we note that O V R mixes into O W at two-loop order; however, this mixing is suppressed by the u, d, and e Yukawa couplings and is thus not competitive with the one-loop mixing into OṼ . O V R also induces a mass term coupling the f to the SM ν at two-loop order, which can give the decays f → e + e − ν and f → ννν; this mixing is similarly suppressed by three small Yukawa couplings. Lastly, as m f < ∼ m π , one can consider the decay π + → e + f ; searches for heavy neutrinos [11] , however, only constrain the new physics scale for O V R to be greater than O(10 TeV). at two-loop order. However, as only one of the lepton fields in these operators is right-handed, these contributions are suppressed by only one power of a small Yukawa coupling. We obtain an order-of-magnitude estimate of the mixing of these operators into O W ,
O
This suppression is not sufficient to make f long lived. Again assuming that this decay does not happen at a rate faster than O((10 26 s) −1 ), we obtain the orderof-magnitude limit
O T , on the other hand, mixes into O W at one-loop order, again with only one suppression by a small Yukawa coupling. Thus, it will be even more strongly constrained than O Sd and O Su .
For the rest of this work, we consider only our most weakly constrained operator, O V R .
Signals in Neutrino Experiments
We now consider the observability of O V R in neutrino experiments. In order to estimate the reach of a neutrino detector to observe the processf p → e + n, it is first useful to estimate the possible flux of f at the Earth's surface. The DM mass density in our neighborhood is thought to be roughly 0.3 GeV/cm 3 [12] , and its velocity relative the the Earth v f is approximately O(10 −3 ) (for c = 1) [13] . If we assume thatf comprises all DM, we can thus estimate its flux
for m f = (1, 10, 100) MeV, respectively. We can now compare this with the limit on the relic supernovaν e flux obtained by Super-K [6] of < 1.2ν e /cm 2 s. They obtain this number by fitting the overall normalizations of their background and signal energy distributions to data, as their background and signal shapes are sufficiently distinct. As the e + inf p → e + n is essentially monoenergetic, we assume that this process could be distinguished from background at least as well. (Because their signal shape is different from that forf p → e + n, it is possible that our results are slightly overly optimistic for certain ranges of m f . However, it is unlikely that this will affect the lower bounds on the new physics scale by more than a few tens of percent.) As their flux limit is 8 to 10 orders of magnitude smaller than that in Eq. (17), we can constrain the cross-section σ O for our process
to be 8 to 10 orders of magnitude smaller than the SM neutrino cross-section σ SM
Here f 1 ≃ 1 and g 1 ≃ −1.27 are the nucelon form factors [14] . We thus obtain for the ratio of these two cross-sections
from which we obtain
for approximate lower bounds on the scale of new physics for O V R . We note that the values are tighter for smaller m f because the assumedf flux is inversely proportional to m f . Of course, scenarios in whichf comprises only some small fraction of DM would be more weakly constrained.
Discussion
Here, we briefly discuss a few characteristics of the interaction O V R and our DM candidate f . One question not yet addressed here is that of the f (orf ) relic density. The new physics scale relevant for O V R , > ∼ O(100 TeV), is much too high to give f a relic density compatible with observation. Thus, some other interaction, such as one which allows the f to annihilate to e + e − pairs or neutrinos, must be postulated to exist in addition to O V R . Such interactions must have physics scales that are very low, on the order of a few GeV.
Next, we very briefly mention the possible applicability of O V R to particular models. One may note that O V R appears very similar to a right-handed neutrino interaction. In fact, f , being an SM singlet, has the same quantum numbers as a right-handed neutrino. One can write down a dimension-four mass operator, Lφf , which allows the f to mix with the SM neutrino and gives the decays f → νe + e − and f → ννν. As we want the f to be long-lived, we wish to postulate some symmetry which will disallow this operator. Although it is possible to impose a symmetry which excludes this four-dimensional operator but still allows O V R , doing so requires introducing at least an additional Higgs doublet to the SM. A full exploration of model-building with O V R is beyond the scope of this work, but, given the form of the interaction, an investigation of left-right-symmetric models may be a worthwhile endeavor.
Lastly, we have not specified whether f is a Dirac or Majorana fermion. We briefly note that if f is Majorana, it necessarily violates lepton number.
Conclusions
Here, we have investigated the possibility of the direct detection of DM in neutrino experiments via a model-independent analysis. We have considered operators which contribute to the interactionf p → e + n and placed limits on the coefficients of these operators using DM lifetime and decays. There exists one operator which is comparatively weakly constrained for the case where m f < ∼ O(100 MeV). We find that Super-K can probe the scale of new physics for this operator up to O(100 TeV).
We draw two main conclusions from this work. The first is that, given our lack of knowledge of DM interactions with SM particles, "nontraditional" possibilities should be considered. The inelasticity of the interactionf p → e + n allows one to probe the region m f ∼ 100 MeV, a range not usually accessible to DM direct-detection experiments. Second, we find that the scale which can be probed for such DM is very impressive, O(100 TeV), far beyond the scales usually accessible in collider experiments.
Given these results, it may be fruitful to consider how this analysis can be expanded to other inelastic interactions, such as f 1 N → f 2 N , where both f 1 and f 2 are invisible particles and where f 2 (which could be either a neutrino or a BSM particle) is lighter than f 1 . In this case, this interaction could conceivably produce distinctive signatures in either neutrino experiments or traditional DM direct-detection experiments; an analysis of such an interaction could possibly be relevant for models of Inelastic DM [15] or Exciting DM [16] . The investigation of these interactions with an invisible particle in the final state is left for future study.
